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Edited by Michael R. SussmanAbstract We identiﬁed 27 genes induced by combined sucrose
and ABA treatment from rice cultured cells with cDNA-AFLP.
Thirteen of these up-regulated genes were induced 30 min after
the co-treatment. This suite of genes includes starch biosynthesis
related genes. Type A genes were expressed only in the presence
of both sucrose and ABA. Type B genes were expressed in the
presence of sucrose or ABA and the expression was dramatically
enhanced by the co-treatment of sucrose and ABA. These results
indicate that multiple steps of starch biosynthesis and other pro-
cesses may be regulated by at least two diﬀerent pathways.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Sugars are important not only as carbohydrate source but
they also function as signal molecules. Sugar signaling regu-
lates a wide range of genes relating to carbon storage, utiliza-
tion and import, as well as defense genes, secondary product
pathway, and storage proteins [1]. The phytohormone abscisic
acid (ABA) also regulates seed development, including carbon
and protein storage [2]. Recent genetic and molecular studies
have uncovered evidence of cross-talk between sugar and
ABA signaling pathways in Arabidopsis [3–5]. mRNAs of the
starch biosynthetic gene, AtAPL3 and OsAPL3 increased in
response to exogenous application of sucrose in Arabidopsis
leaves and cultured rice cells, respectively. In addition, their
expression was further enhanced by co-treatment with ABAAbbreviations: ABA, abscisic acid; AGPase, ADP-glucose pyrophos-
phorylase; cDNA-AFLP, cDNA-ampliﬁed fragment length
polymorphism; ds-cDNA, double-stranded-cDNA; FAD2, omega-6-
desaturase; GPT, glucose-6-phosphate transporter; TDF, transcript
derived fragment; PEAMT, S-adenosyl-L-methionine phosphoetha-
nolamine N-methyltransferase; RBE4, starch branching enzyme 4;
FAB2, stearoyl-acyl-carrier protein desaturase; Suc, sucrose
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doi:10.1016/j.febslet.2006.09.065[6,7]. The involvement of two distinct promoter elements in
synergistic regulation of sugar and ABA on AtAPL3 expres-
sion was clariﬁed [8]. However the physiological roles of the
interaction between sugar and ABA signaling and the target
genes induced by the combination of sugar and ABA are still
unknown.
cDNA-ampliﬁed fragment length polymorphism (cDNA-
AFLP) analysis [9] is a technique that has proven useful in
comprehensive gene expression proﬁling, with the capacity to
screen a number of genes equivalent to other techniques such
as microarrays or GeneChips [10]. When performing cDNA-
AFLP analysis, selection of the restriction enzymes for diges-
tion of cDNA fragments is a key factor limiting the number
of possible genes for analysis. Through prior studies we deter-
mined that a combination of the restriction enzymes AvaII and
TaqI, increased the number of transcript-derived fragments
(TDFs) observed in cDNA-AFLP analysis [11]. We therefore
chose cDNA-AFLP analysis to identify genes regulated by
combined eﬀect of sugar and ABA signaling. In this study,
via this technique we identiﬁed 27 genes with expression in-
duced by the combined sucrose and ABA treatment in cultured
rice cells. Notably among these are three starch biosynthesis
genes; OsAPL3, starch branching enzyme 4 (RBE4) and puta-
tive Glucose-6-phosphate/phosphate-translocator (GPT), as
well as two putative sugar transporters that are involved in
multiple steps in starch biosynthesis. The 27 genes were classi-
ﬁed into two groups: Type A genes that require both the
sucrose and ABA for the induction, and Type B genes which
are weakly induced by either sucrose or ABA alone, yet exhib-
iting dramatically enhanced expression in response to the com-
bination of sugar and ABA treatment. Our results indicate that
these diﬀerent modes of gene expression serve to regulate mul-
tiple steps of starch biosynthesis and other processes by at least
two diﬀerent pathways in cultured rice cells.2. Materials and methods
2.1. Growth and treatment rice cell suspension cultures
Rice cells were cultured as described previously [6]. Brieﬂy, rice cells
were maintained by sub-culturing every seven days in N6D medium
[12] containing 3% (w/v) sucrose. To lower the intrinsic levels of solu-
ble sugars and starch, the rice cells were pre-cultured for three days in
the N6D medium containing 1% (w/v) sucrose prior to use in our
experiments. For sucrose and ABA treatments, the rice cells wereblished by Elsevier B.V. All rights reserved.
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5948 T. Akihiro et al. / FEBS Letters 580 (2006) 5947–5952grown as appropriate in medium containing either 3% (w/v) sucrose
(+Suc), sugar free medium containing 50 lM ABA (+ABA), or med-
ium containing 3% (w/v) sucrose plus 50 lM ABA (+Suc+ABA) from
0 to 24 h. The pre-cultured cells were used as control samples.
2.2. Double-stranded-cDNA (ds-cDNA) synthesis and cDNA-AFLP
analysis
Total RNAs were extracted from cultured rice cells using the ISO-
GEN kit (NipponGene, Japan). Next, poly (A)+ RNA was isolated
from 200 lg of total RNA using an mRNA isolation system (Nippon-
Gene, Japan). Double stranded-cDNAs were then synthesized from
2 lg of the poly (A)+ RNA using a commercially available M-MLV
cDNA synthesis kit (NipponGene, Japan). cDNA-AFLP analysis
was then performed as described previously [11], with slight modiﬁca-
tions. cDNA fragments were selectively ampliﬁed using 129 possible
combinations of the following primers: 16 derivatives of AvaII primers
5 0-AGACTGCGTACCGWCC[N1N1]-3 0 and 8 derivatives of TaqI
primers 5 0-GATGAGTCCTGAGCGA[N2N1]-3 0; where N1 represents
A,T,C or G, and N2 represents A or G. In addition, 5
0-AGACTGC
GTACCGWCC[TT]-3 0 and 5 0-GATGAGTCCTGAGCGA[TA]-3 0
primer sets were used to amplify a TDF of OsAPL3 (GenBank acces-
sion nos. AK100910). The AvaII primers were labeled with [c-32P] ATP.R
el
at 0
Fig. 1. Expression of OsAPL3 is induced by treatment with sucrose
plus ABA in cultured rice cells. (A) Time course of OsAPL3 mRNA
induction mediated by sucrose plus ABA treatment. Cells were2.3. Northern blot analysis
Northern blot analysis was carried out as described previously [6].
The band intensities were quantiﬁed with ‘Quantity One’ software
(PDI, Inc., USA).harvested at various times after transfer to fresh N6D medium
containing 3% (v/w) sucrose plus 50 lM ABA. Total RNAs (10 lg
each) were blotted and probed with DNA probe for OsAPL3 cDNA
fragments. The bottom panel represents an ethidium bromide-staining
pattern of rRNAs to demonstrate equal amounts of RNA loading in
each sample. (B) Induction of OsAPL3 by sucrose and/or ABA
treatment of cultured rice cells. The cells were harvested at the 6 h after
transfer to the +ABA, +Suc, and +Suc+ABA medium (see Section 2).
Pre-cultured cells were used as a control. The band intensities were
quantiﬁed using ‘Quantity One’ software (PDI, Inc.). Relative tran-2.4. Semi-quantitative RT-PCR analysis
RNAs (10 lg) were used to synthesize single stranded cDNA using
First strand cDNA synthesis kit (TaKaRa, JAPAN) according to the
manufactures instruction. RT-PCR was performed semi-quantitatively
with sets of gene-speciﬁc primers listed in supplemental data. Anneal-
ing temperature and cycle number for ampliﬁcation was optimized for
each transcript detected in this experiment (see supplemental data for
the conditions).script level is expressed as a ratio of band intensities between treated
and control samples.3. Results
3.1. cDNA-AFLP analysis of the genes induced by sucrose plus
ABA
Our previous work revealed that ABA further enhanced su-
crose-driven expression of OsAPL3 expression [6]. To explore
expression of other genes synergistically regulated due to the
combined eﬀect of sugar and ABA signaling, we carried out
cDNA-AFLP analysis. We observed that levels of OsAPL3
transcript increased within 1 h post-treatment, then peaked
(15-fold increase) at 6 h after treatment, then gradually
decreased (Fig. 1A). As illustrated in Fig. 1B, OsAPL3
transcripts were much more abundant in cultured rice cells
treated with sucrose plus ABA for 6 h than in cells treated with
sucrose or ABA alone. Thus, we chose 6 h as the optimal treat-
ment time for assaying expression of genes induced by the
combined eﬀect of sugar and ABA treatment using cDNA-
AFLP analysis. Therefore, cultured rice cells were treated with
ABA, sucrose, or sucrose plus ABA for 6 h, and the expression
patterns were then analyzed by cDNA-AFLP (Fig. 2A). In to-
tal, 11,099 TDFs were generated using 129 primer sets, which
were recognize on gels for the cDNA-AFLP analysis. Among
them, 9,799 TDFs (88.3% of total TDFs) were constitutively
expressed in samples harvested under all of the treatment con-
ditions tested (class I) (Fig. 2B). Sixty-four TDFs were induced
by the combination of sugar and ABA treatment (class II), 321
TDFs were induced by ABA alone (class III), 66 TDFs were
induced by sucrose alone (class IV), and 94 TDFs were in-
duced by sucrose and/or ABA but were not altered in samplestreated with sucrose plus ABA (class V). TDFs (755) were not
classiﬁed into any class. Sixty-four of the class II TDFs were
recovered from the gels and subcloned into plasmid vectors.
Sequence analysis revealed that 20 of the 64 class II TDFs were
duplicates derived from diﬀerent regions of the same gene,
respectively. Thus, we identiﬁed the 44 distinct genes with
expression induced by the combination of sugar and ABA
treatment. These 44 genes included a TDF derived from
OsAPL3, the expression of which was previously demonstrated
as inducible by the combination of sugar and ABA treatment
[6]. Northern blot analysis employing the above TDFs as
probes revealed that mRNAs for 27 of the class II TDFs were
up-regulated in response to the combined sucrose and ABA
treatments (Fig. 3A), and then semi-quantitative RT-PCR
revealed that expression of 13 TDFs was induced immediately
by the combination of sugar and ABA treatments within
30 min after treatments (Fig. 3B). The 27 reconﬁrmed TDFs
were then classiﬁed into two groups; Type A includes TDFs
1–10, which were exclusively by the combination of sugar
and ABA treatment, but not by either ABA or sucrose alone,
while Type B genes (TDF 11–27) were induced by sucrose and/
or ABA alone and further enhanced by combination treatment
with sucrose plus ABA (Fig. 3A). Expression of the remaining
17 class II TDFs failed to reconﬁrm inducible by the combina-
tion of sugar and ABA treatment. Thus, these clones were ex-
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Fig. 2. (A) cDNA-AFLP analysis of TDFs derived from cultured rice cells after treatment for 6 h with +ABA, +Suc, or +Suc+ABA. Pre-cultured
cells were used as a control. Selective nucleotide extensions on either the AvaII or TaqI primer are illustrated at the top of the panel. (B) Classiﬁcation
of the TDFs by their expression patterns. Symbols, + and , indicate that the levels of the TDFs are increased or not aﬀected by the treatments,
respectively. Total number of TDFs for each class is shown on the right side. The expression pattern of OsAPL3 TDF is shown as a representative of
class II TDFs.
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genes
In order to identify genes corresponding to the 27 TDFs, we
searched for full-length cDNAs and complete coding se-
quences for each within the rice genome. Full-length cDNA se-
quences for the 24 of these TDFs were identiﬁed in the rice
genome sequence database of KOME [13]. We did not ﬁnd
full-length cDNA sequences for TDF 4, 9 and 19, however
complete coding sequences and genomic sequence for each of
these were located in the NCBI database. To uncover addi-
tional information about potential gene function for these
TDFs, we carried out BLAST searches in NCBI [14] against
the predicted protein sequences encoded by the full-length
cDNAs or the complete coding sequences for the correspond-
ing TDFs. The protein sequences for 26 of these genes showed
similarity to the known proteins; the one exception was TDF
19, which did not show any similarity to known proteins.
The 26 genes were then grouped into eight functional catego-
ries as follows: starch biosynthesis and sugar transporter, fatty
acid biosynthesis, carbohydrate metabolism, cellular metabo-
lism, stress- and defense-related, signal transduction, cell cycle,
and transport proteins (Table 1). Starch biosynthesis genes in-
cluded OsAPL3, RBE4 and putative GPT. Two putative sugar
transporter genes were also identiﬁed. It is also noteworthy
that genes encoding proteins involved in fatty acid biosynthesis
such as putative stearoyl-acyl-carrier protein desaturase
(FAB2) and putative omega-6-desaturase (FAD2) are induced
only by the combination of sugar and ABA treatment.4. Discussion
We carried out cDNA-AFLP analysis to elucidate which
genes are regulated by the combined eﬀect of sugar and
ABA signaling. In the process, we utilized TaqI and AvaII
restriction enzymes for digestion of ds-cDNA and 129 primer
sets for cDNA-AFLP analysis. Based on the in silico analysis,
57% of rice full-length cDNAs (18,569 out of 32,127 rice full-length cDNA) could be analyzed using 129 pair sets of these
primers (data not shown). If we assume that 18,569 of the rice
genes are expressed in a given tissue of rice, then 41,063 of the
possible TDFs could be ampliﬁed by the 129 primer sets that
we chose. Because many of TDFs have same fragment sizes,
as estimated by the in silico analysis, then the total number
of bands detected on the gel might be much less than 41,063
TDFs. We detected 11,099 bands in our cDNA-AFLP gels
generated using the 129 primer sets (Fig. 2A), which given
the above considerations reﬂects a fairly comprehensive
expression proﬁle of cultured rice cells under our treatment
conditions.
Recent genetic studies examining sugar-signaling mutants of
Arabidopsis have uncovered many links between the sugar and
ABA signaling pathways. Our previous work also showed that
sucrose and ABA cooperatively regulated the expression of
rice ADP-glucose pyrophosphorylase (AGPase) genes [6].
Thus, we expected that sucrose signaling maybe mediated in
part through ABA-dependent signaling pathways. We found
here that 66 TDFs are speciﬁcally induced by sucrose treat-
ment yet are not aﬀected by co-treatment with ABA
(Fig. 2B, class IV). These results indicate that a novel ABA-
independent sugar signaling pathway is present in cultured rice
cells. We also found that 94 TDFs were up-regulated by
sucrose and/or ABA treatments (Fig. 2B, class V). In addition
to this sugar signaling pathway, the sugar signaling pathway
interacts with the ABA signaling pathway to regulate the
expression of class II genes. Based on our analyses, 27 of the
class II genes were further divided into two types (Types A
and B). Interestingly, the Type A genes were not induced either
by sucrose or ABA alone yet were induced only when cultured
rice cells were treated with sucrose plus ABA (Fig. 3A). This
pathway is novel and completely distinct from the regulatory
pathway for OsAPL3 [6] and AtApL3 [7] genes, where ABA
enhances the induction of these genes by sucrose, but ABA
alone does not aﬀect their expression [6,7]. Some of the Type
B genes (TDF15, 16 and 17) exhibited similar expression
patterns to OsAPL3 [6] and AtApL3 [7] genes (Fig. 3A).
Fig. 3. Northern blot analysis and semi-quantitative RT-PCR analysis of class II TDFs expression. Rice cells were cultured in the +ABA, +Suc or
+Suc+ABA medium for 6 h (A) or 30 min (B). (A). Northern blot analysis. Total RNAs (10 lg each) were blotted and probed with DNA probe for
each TDF. (B). Semi-quantitative RT-PCR analysis. Total RNAs (10 lg each) were used for synthesis of single-stranded cDNA. RT-PCR was
performed with sets of gene speciﬁc primers (see Supplement data for detail). The ampliﬁed cDNA was separated by 6% (v/w) polyacrylamide gel
electrophoresis and was detected by staining with ethidium bromide. Expression of tublin gene was included as a loading control for RT-PCR
analysis. Three independent RT-PCR analyses reproduced similar consistent results.
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sucrose alone. The other Type B genes were induced either
by ABA or sucrose alone. Since 13 of 27 TDFs were induced
within 30 min after treatment, these genes were induced as pri-
mary responses of Suc plus ABA treatment (Fig. 3B). Even in
this primary responses, the Type A genes deﬁnitely require
both ABA and sucrose for the induction, implicating that
ABA and sucrose signaling converses together prior to their
transcriptional regulation so as to induce expression of these
Type A genes. The induction of the Type B genes at earlier
time might be explained by synergistic enhancement of the
transcription through the interaction between ABA- and su-
crose-speciﬁc cis-elements, which mediate primary responses
of ABA or sucrose signaling. These results reveal that signals
generated by the combination of sugar and ABA treatment
are transmitted through at least two novel pathways in cul-
tured rice cells.
Starch synthesis and sugar transporter genes are heavily rep-
resented among the class II genes induced by the combination
of sugar and ABA treatment. These include OsAPL3, RBE4,putative GPT and two putative sugar transporter genes. Over
20 of the starch biosynthesis related genes already have been
identiﬁed in rice plants [6,15–17]. Only OsAPL3 and RBE4
were induced by the combination of sugar and ABA treatment
in this experiment, although the amounts of starch in rice cells
was markedly increased in cells treated with sucrose plus ABA
[6]. These results suggested that OsAPL3 and RBE4might play
important roles in starch accumulation by sucrose plus ABA
signaling. When the combined eﬀect of sugar and ABA signal-
ing stimulates starch biosynthesis, OsAPL3 may act primarily
to supply ADP-glucose, which is the substrate for starch bio-
synthesis. To a similar end, RBE4 may increase branch points
of the glucan chains that serve as initiation points for extension
of glucan chains by starch synthase. Sugar uptake is another
important step that restricts starch synthesis. It is reported that
exogenous ABA stimulates the uptake of sugars in rice cells
[18]. Since suspension culture medium usually contains su-
crose, exogenous application of ABA may act in concert with
it to induce expression of the two sugar transporter genes iden-
tiﬁed by our cDNA-AFLP analysis. We can then speculate
Table 1
Functional classiﬁcation of TDFs
TDF no. Accession no. Putative Gene Function Typea Score (Bits) E Value
Starch biosynthesis and Sugar transporter
27 AK100910 ADP-glucose pyrophosphorylase 3 (OsAPL3) B 1098 0
2 AK070124 Putative glucose-6-phosphate/phosphate-translocator A 364 3.00E99
9 AB023498 Starch branching enzyme (RBE4) A 1700 0
13 AK073967 Putative sugar transporter B 631 2.00E179
22 AK120560 Putative sugar transporter Type 2a B 1255 0
Fatty acid biosynthesis
1 AK065239 Putative omega-6 desaturase (FAD2) A 677 0
5 AK060087 Putative stearoyl-acyl-carrier protein desaturase (FAB2) A 543 2.00E153
16 AK060180 Putative phosphatidylinositol/phophatidylcholine transfer protein B 429 1.00E118
Cellular metabolism
11 AK099290 Putative glutamine synthetase B 673 0
21 AK069137 Putative S-adenosyl-L-methionine:
Phosphoethanolamine N-methyltransferase (PEAMT)
B 875 0
24 AK103554 Putative hydroxymethyltransferase B 769 0
26 AK101080 Putative phosphoenolpyruvate carboxylase kinase B 429 7.00E119
Stress- and defense-related
3 AK060050 Putative FtsJ-like methyltransferase family protein A 285 9.00E76
4 AP003866 Putative abscisic acid-responsive HVA22 family protein A 176 4.00E43
15 AK065545 Putative PRLI-interacting factor G B 667 0.00E+00
18 AK103315 Putative c-glutamylcysteine synthetase B 868 0
Signal transduction
6 AK121831 Putative tyrosine speciﬁc protein phosphatase protein A 271 4.00E73
17 AK059183 Putative catalytic/protein phosphatase Type 2C B 169 5.00E41
Cell cycle
10 AK120764 Putative regulator of chromosome condensation family protein A 766 0
12 AK063080 Putative regulator of chromosome condensation family protein B 271 1.00E71
Transport protein
25 AK121451 Putative MRP-like ABC transporter B 1781 0
Unknown function
7 AK107545 Unidentiﬁed gene with an AP2 domain A 271 5.00E71
8 AK103608 Unidentiﬁed gene with unknown function DUF221 domain A 1102 0
14 AK059269 Similar to Solanum tuberosum Erwinia induced protein 2 B 204 1.00E51
19 AP006057 No signiﬁcant similarity found B
20 AK111593 Unidentiﬁed gene with Serine/Threonine protein kinases domain B 271 4.00E179
23 AK073558 Similar to bile acid b-glucosidase B 1236 0
Similarity analyses of TDF sequences using BLASTP.
aClassiﬁcation of TDFs by expression patterns (Types A and B).
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sugar and ABA signaling at level of transcription of these su-
gar transporter genes. We found that the GPT was regulated
by the combined eﬀect of sugar and ABA signaling. Therefore,
the combined eﬀect of sugar and ABA signaling may facilitate
starch synthesis, during which GPT excretes inorganic phos-
phate into the cytoplasm while incorporating hexose into the
amyloplast. Inorganic phosphate in turn acts as an inhibitor
of the plastid AGPase [19]. Thus, our cDNA-AFLP results re-
veal that the combined eﬀect of sugar and ABA signaling inﬂu-
ences multiple steps of starch biosynthesis in cultured rice cells.
In accordance with our ﬁndings, expression levels of fatty
acid biosynthesis-related genes are also impacted by the
combined eﬀect of sugar and ABA signaling (Table 1). For
instance, we found that S-adenosyl-L-methionine: phospho-
ethanolamine N-methyltransferase (PEAMT), which catalyzes
N-methylation of phosphoethanolamine, was induced in
cultured rice cells via treatment with the combination of sugar
and ABA. PEAMT is key step in choline biosynthesis [20]. In
addition, FAB2 and FAD2 were induced in cultured rice cellsvia treatment with the combination of sugar and ABA.
FAB2 and FAD2 are both involved in one of the key steps in
fatty acid biosynthesis that regulates levels of unsaturated fatty
acids by converting stearic acid (18:0) to oleic acid (18:1) and
oleic acid (18:1) to linoleic acid (18:2), respectively [21,22].
The content of oleic acid and linoleic acid was increased during
seed development, and they become major fatty acid compo-
nents of mature seeds [23]. Since some of the genes involved
in starch biosynthesis are regulated by the combined eﬀect of
sucrose and ABA signaling, it is suggested that this dual signal-
ing eﬀect of sucrose and ABA may regulate the biosynthesis of
storage products such as starch and fatty acids during seed
development in rice.
Seed development requires coordination between cell divi-
sion and elongation of caryopsis and synthesis of the major
starch, lipid, and protein storage. Plant hormones have impor-
tant roles in seed development. For example, ABA was found
to accumulate in rice grains during grain ﬁlling at the time
when starch biosynthesis was initiated [24]. Exogenous appli-
cation of ABA enhanced the remobilization of prestored
5952 T. Akihiro et al. / FEBS Letters 580 (2006) 5947–5952carbon to the grains and accelerated the grain ﬁlling rate in rice
[24]. These results demonstrate that ABA might play a role in
regulating grain ﬁlling. Since the biosynthesis of storage prod-
ucts needs enough supply of raw materials such as sucrose for
a carbon source, it is important to coordinate the timing to
trigger the grain ﬁlling with the cellular status of sugar level.
It is plausible that the synergistic induction of the genes in-
volved in starch and fatty acid biosynthesis by the combination
of sugar and ABA could integrate developmental cues con-
ferred by ABA with the cellular status of sucrose. In the case
of a shortage of sucrose, this in turn could function to prevent
abortive initiation of the storage products biosynthesis.
In this study, we successfully described a rice transcriptome
in the response to sucrose plus ABA, and found a novel su-
crose and ABA signaling in rice cultured cells. Physiological
functions of sucrose plus ABA signaling pathways will be
important, because starch and fatty acid biosynthesis in rice
grains should be regulated by sucrose and ABA. In addition,
this story will be applicable to other cereals or crops. Further
analysis will be required for understanding the mechanism in
the sucrose plus ABA signal pathways and subsequent signal
transduction expressing the physiological functions.
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